Abstract. Ozone depletion above Kiruna (67.9 • N, 21.1
Introduction
The 1996/97 Arctic vortex was unusual in that it formed late, remained well defined until late in April, and was more zonally symmetric than in previous years [Coy et al., 1997] . It was also characterized by record low temperatures and a large region of record low column ozone centered around the north pole, observed by two Total Ozone Mapping Spectrometer (TOMS) instruments . To illustrate the anomalously low ozone levels that occurred above Kiruna during this period, TOMS measurements from the Earth Probe and ADEOS (Advanced Earth Observing Satellite) satellites are compared with a long term climatology in Figure 1 . The climatology was generated using TOMS measurements made from the Nimbus-7, Meteor-3, Earth Probe, and ADEOS satellites, in that order of priority. Total column ozone values observed above Kiruna from February to April 1997 were on average below the climatological mean and reached record low values on three days in March (284 DU on day 64, 248 DU on day 66, and 306 DU on day 68) and on several days in April.
During this unusual Arctic winter, 55 ozonesonde flights were made from ESRANGE, Kiruna (67.9 • N, 21.1
• E), during February and March 1997 as part of the ILAS (Improved Limb Atmospheric Spectrometer) validation balloon campaign [Kanzawa et al., 1997] . The ozone and temperature profiles measured during these flights were used to investigate the altitude range above Kiruna where ozone depletion may have occurred. To this end, each ozone and temperature value measured along the ozonesonde flight path was binned according to its position relative to the polar vortex, i.e. if it was measured inside the vortex, in the vortex boundary region, or outside the vortex. The differences between the mean profiles calculated for ozone values inside the polar vortex and in the vortex boundary region and their temporal evolution for airmasses including diabatic descent are discussed. The observed ozone mixing ratio trends are then used to infer ozone depletion rates above Kiruna.
Measurement Technique
Between 1 February (day 32) and 25 March (day 84) 1997, 55 ECC (Electrochemical Concentration Cell) balloon-borne ozonesonde flights were made from Kiruna. The sondes measure ozone chemically as the instrument ascends through the atmosphere. Correction curves were applied to the measured ozone partial pressures to account for the decrease in the ozonesonde pump efficiency with altitude [Braathen and Ottar, 1993] . A pressure scaled declining background current was used throughout the flight. The ozonesondes are interfaced to Vaisala RS 80 meteorological radiosondes for data telemetry. An offset correction to the radiosonde pressure sensor was applied based on an independent surface measurement. Measurements of ozone partial pressure (mPa), air pressure (hPa), air temperature (
• C), humidity (%), and ozone pump temperature (
• C) were transmitted approximately every 10 -15 seconds during ascent, providing a vertical resolution of 30 -60 m. The balloons usually reached altitudes between 30 and 35 km before bursting and descending. Although measurements can be made during the descent part of the flights, these were not used in this study. To remove erroneous data, each ozone, temperature, and pressure profile was examined visually and 1998 values, 6 % of the 33112 original values available from the 55 flights, were rejected. The criteria for rejection were: 1. a sudden, inexplicable discontinuity in the measured pressure, temperature, or ozone values 2. values measured while the ozone pump temperature indicated that the KI cathode solution was either frozen or the pump temperature was abnormally high.
The ozone partial pressure measurement accuracy of ECC sondes is typically ± 5% in the troposphere, ± 5% in the lower stratosphere, and ± 5 -10% in the middle stratosphere while the overall precision averages ± 5% [Smit et al., 1998; Bodeker et al., 1998 ]. The measured ozone partial pressure values were not normalized with respect to an independent column ozone measurement.
Polar Vortex Boundary Definition
Every measured ozone and temperature value needed to be binned according to its position relative to the polar vortex. For this purpose the Ertel's potential vorticity (EPV) contour delineating the vortex edge was defined as the value at the maximum gradient in EPV plotted against equivalent latitude (the latitude enclosing the same area as the EPV isoline) and constrained by the location of the maximum wind jet calculated along EPV isolines [Nash et al., 1996] . The EPV values delineating the equatorward and poleward edges of the vortex boundary region were calculated from the maximum convex and concave curvature in the EPV values plotted against equivalent latitude. Consequently, the following three regions were defined: the polar vortex boundary region, the area poleward of the vortex boundary region (hereafter referred to as inside the polar vortex), and the area equatorward of the vortex boundary region (hereafter referred to as outside the polar vortex).
Results and Discussion
The complete data set of ozone and temperature measurements used in this study is shown in Figure 2 . As an indication of the accuracy of the ozonesonde flights, integrated ozone profiles are compared with TOMS total column ozone measurements in Figure 2 a. To calculate the column ozone, the measured partial pressures were first integrated from the surface (314 m) to the top of the flight and then extended to 1 hPa using a 10
• zonal monthly mean climatology based on ozone profile measurements from the solar backscattered ultraviolet (SBUV) instrument on the Nimbus-7 satellite . Only flights reaching 30 hPa were used for the calculation of column ozone. TOMS and the integrated sonde measurements, are in good agreement: the average of the TOMS to sonde data ratio is 0.98 with a standard deviation of 0.05.
The evolution of the vertical ozone and temperature distribution above Kiruna during February and March 1997 is shown in Figures 2 b and 2 c respectively, using temporal and spatial interpolation between the 55 measured profiles. The white regions above 28 km result from flights not reaching these altitudes. Due to dynamically induced displacements of the vortex, measurements were made inside the vortex, in the vortex boundary region, and outside the vortex. To show the actual location of Kiruna relative to the vortex edge, EPV values on a range of isentropes above Kiruna were divided by the EPV values defining the vortex edge at the same isentropes. These ratios are plotted in Figure  2 The vortex boundary region acts as a barrier to horizontal transport, isolating the interior of the vortex from midlatitude airmasses [e.g. Chen et al., 1994 and references therein] . Furthermore, as a result of the steep EPV gradients in the vortex boundary region, which restrict transport, there is also only little intrusion of midlatitude air into the vortex boundary region. Therefore, it is safe to assume that both the vortex interior and vortex boundary region are isolated from lower latitude air intrusion. This assumption is valid for the Antarctic vortex [e.g. Paparella et al., 1997] and since the 1996/97 Arctic vortex was in some respect dynamically similar to an Antarctic vortex, it is probably also true for the Arctic vortex.
To investigate the difference between ozone concentrations measured inside the polar vortex and in the vortex boundary region, mean profiles and their standard deviations were calculated for the observation period (1 February to 25 March) and are displayed in Figure 3 . A comparison of the mean profiles shows that there is on average less ozone inside the vortex between the 440 K (∼ 17.6 km) and 660 K surface (∼ 26.4 km) with statistically significantly (1 σ) less ozone (20 -25 %) between the 480 K and 580 K level. The mean profile for measurements made outside the vortex was excluded for clarity since strong mixing in the midlatitude surf zone occasionally transports ozone poor air from low latitudes to the equatorward edge of the vortex boundary region, causing wide scatter in the measured ozone values and a large standard deviation.
To investigate whether differences between the mean profiles were indicative of ozone loss and to determine the ozone loss rate inside the polar vortex, the temporal evolution of ozone inside the vortex and in the vortex boundary region was examined. The measured ozone mixing ratios were interpolated onto selected isentropic surfaces following the diabatic descent of the airmasses inside the vortex. The diabatic descent rates during February and March 1997 were calculated from modelled cooling/heating rates and then integrated over the area of the vortex interior to obtain the mean descending motion [private communication, M. Rex and M. Chipperfield]. The calculations were done as described in Rex et al. [1997] . Due to uncertainties in the diabatic descent rates above 550K, six analysis levels were chosen between 430 K and 550 K (Figure 4) . The highest level (Figure 4 a) descends from 549 K on 1 February (day 32) to 521 K on 25 March 1997 (day 84), the second highest from 526 K to 500 K (Figure 4 b) , etc. The decline in the measured ozone mixing ratio on each of these levels is shown in Figures 4 a -f , respectively.
The descent rates calculated for the polar vortex were also used for the vortex boundary region. Since strong downward transport is known to occur in the vortex boundary region [Schoeberl et al., 1992] , the descending motion in this region could be stronger than that assumed here. Therefore, using somewhat weaker descent rates for the six surfaces, which are all below the ozone mixing ratio maximum, might result in an ozone mixing ratio decline in the vortex boundary region which in reality should be steeper. Figure 4. Ozone mixing ratio measured inside the Arctic vortex (black diamonds) and in the vortex boundary region (grey crosses); both data sets were interpolated on six isentropic surfaces following diabatic descent.
At the higher surfaces (starting approximately at potential temperatures between 500 K and 550 K on 1 February), an offset between the ozone mixing ratios measured inside the vortex and in the vortex boundary region is clearly visible (Figure 4 , panels a and b). This offset could either be caused by ozone depletion which has already occurred during January at these altitudes inside the vortex or by not taking into account the stronger downward motion in the vortex boundary region, and is most likely a combination of both. At lower surfaces, the offset becomes smaller (panels c and d) and finally disappears (panels e and f).
When comparing the ozone mixing ratios measured inside the vortex with the values measured in the vortex boundary region as shown in Figure 4 (i.e., applying the same cooling rates for both data sets), the decrease in ozone inside the vortex is overall stronger than the decrease observed in the vortex boundary region during the same time period. A presumedly stronger descent in the vortex boundary region might cause this difference to disappear.
The decrease in ozone observed on the potential temperature surfaces shown in Figure 4 is between 0.2 -0.6 ppm/month inside the Arctic vortex and 0.4 -0.6 ppm/month in the boundary region. The most pronounced ozone loss above Kiruna is observed inside the vortex on surfaces descending from 475 ± 10 K on 1 February to 460 ± 10 K on 25 March, amounting to 18 -21 ppb per day or 0.54 -0.63 ppm per month. These results are in good agreement with the chemical ozone depletion found by Knudsen et al. [1998] .
Summary
Investigation of ozone and temperature data measured by ozonesondes during February and March 1997 showed that during three periods, when the Arctic vortex moved above Kiruna, temperatures fell below the type I PSC formation threshold and low ozone mixing ratios were measured. When comparing the mean ozone profile measured inside the vortex with the mean profile measured in the vortex boundary region, statistically significantly less ozone (20 -25 %) is observed inside the polar vortex between the 480 K and 580 K level. A clear interpretation of this difference, however, is not possible since it could either be caused by ozone depletion inside the vortex which has already occurred earlier or by not sufficiently accounting for the stronger downward motion in the boundary region or by a combination of both.
The trend in mixing ratios measured in both areas, inside the Arctic vortex and the vortex boundary region, following isentropic surfaces descending from levels between approximately 440 K and 550 K (1 February 1997) to levels between 420 K and 520 K (25 March 1997), was used to infer ozone loss rates. Measured ozone mixing ratios decreased at 0.2 -0.6 ppm/month inside the vortex and the strongest decline in the ozone mixing ratio was measured on surfaces ending close to 460 K on 25 March, amounting to 18 -21 ppb/day or 0.54 -0.63 ppm/month.
